In this study, deuterium retention properties of SiC/SiC composites irradiated by deuterium ions at diŠerent temperatures in the range from 293 K to 923 K were investigated with thermal desorption spectroscopy, and the relationship between deuterium retention and the change of atomic composition was examined. Thermal desorption spectra of D 2 showed two major peaks which was regarded as deuterium released from its Si-D and C-D bonds, respectively. At the irradiation temperature of 673 K, the ratio of the amounts of desorbed D 2 at lower desorption peak (Si-D bond) increased compared to the room temperature case, owing to the decrease in carbon composition at the surface. On the other hand, at the irradiation temperatures at 823 and 923 K, the ratio of the amounts of desorbed D 2 at higher desorption peak (C-D bond) increased, and the hydrocarbon desorption also increased. The present data suggests that the fuel hydrogen retention properties of SiC/SiC composites are signiˆcantly aŠected by the surface temperature.
Introduction
In magnetic conˆnement fusion devices, though fuel hydrogen ions in core plasma are unattached from plasma-facing wall due to a magneticˆeld, charge exchange reactions between energetic hydrogen ions in fusion plasma and hydrogen neutral particles existing around the core plasma occur at the plasma's edge. Energetic hydrogen particles produced by the charge-exchange reaction are then implanted into the plasma-facing walls 1, 2) . If the amount of retained hydrogen in the plasma-facing materials becomes large, the hydrogen can be released from the material during plasma discharge, leading to enhanced fuel hydrogen recycling. The hydrogen release from the material can lead to an uncontrolled density rise of plasma and to deterioration in the plasma conˆne-ment time of core plasma. In a deuterium-tritium (D-T) fusion reactor, tritium retention in the vacuum vessel is limited from the point of view of tritium safety. If tritium retention exceeds safe limits, the plasma operation is suspended and tritium removal needs to be done, which greatly in‰uences and delay the operational schedule 3) . For these reasons, the hydrogen retention property of plasma-facing materials needs to be investigated.
SiCˆber reinforced SiC matrix (SiC/SiC) composites are promising as the plasma-facing material of a fusion reactor because of their low induced activation, low atomic number, high thermal shock resistance, good thermal conductivity, and so on 4, 5) . In fusion reactor, the SiC/SiC material is used at elevated temperatures and the material surface is sputtered by incident hydrogen particles, which can change the atomic composition (atomic ratio of silicon to carbon) of the surface and in‰uence the hydrogen retention properties.
In this study, we examined the desorption and retention properties of deuterium in SiC/SiC composites after deuterium ion irradiation at elevated temperatures using thermal desorption spectroscopy (TDS) measurement techniques 6) . In addition, the change of atomic composition at the surface after deuterium irradiation was investigated with Auger electron spectroscopy (AES). Based on the data, the relationship between the deuterium retention/desorption behavior and atomic composition will also be discussed.
Experiments
The sample used in this study was SiC/SiC composites produced by the nano-powder inˆltration and transient eutectoid (NITE) process, which has been developed by Kyoto University and Ube Industries, and the details of fabrication process is described elsewhere 7) . The NITE SiC/SiC composites were developed for the reduced porosity, advanced matrix quality control and stronĝ ber-matrix interface. The density and void ratio of the SiC/SiC composites are 3.06 g/cm 3 and 5.3z, respectively. The SiC/SiC composites consisted with layers of unidirectional SiCˆber bundle with SiC matrix and SiC matrix. The diameter of SiCˆber was approximately 10 mm and the volumetric ratio ofˆber bundle is 30-40z. Tyranno SA3ˆber tows coated by pyrolytic carbon (PyC) interface were used as SiCˆbers for the layer of SiCˆber bundle with SiC matrix 8) . The size of the SiC/SiC sample was 10×10×1 mm. Before the irradiation experiments, the samples were degassed at 1273 K for 30 min to remove absorbents, such as H 2 O.
Deuterium ion irradiation was performed in an ECR ion irradiation apparatus [9] [10] [11] . In the deuterium irradiation experiments, a D 3 ＋ ion with energy of 5 keV (1.7 keV for sole D particle) was implanted into the SiC/SiC composites. The ‰ux of ion was in the order of 10 13 cm -2 s -1 , which was estimated from the sample current, and 
the ion ‰uence constant at 5×10 18 /cm 2 . The sample temperature during ion irradiation was varied from room temperature to 923 K. After deuterium irradiation, the sample was extracted from the ECR apparatus and mounted in a TDS apparatus 11) . The background pressure during the TDS measurement was in the order of 10 -7 Pa. The sample was heated linearly from room temperature (RT) to 1273 K with a heating rate of 50 K/min. During this heating, the desorption rate of gases released from the sample was measured with a quadruple mass spectrometer (QMS). The amount of desorbed gases was quantitatively obtained by time-integrating the desorption rate. In order to examine the change in atomic composition at the surface caused by ion irradiation, the depth proˆle of atomic composition before and after the deuterium irradiation were analyzed by means of Auger electron spectrometry.
3. Results and discussion Figure 1 shows the depth proˆles of atomic composition before deuterium irradiation ( Fig. 1(a) ) and after deuterium ion irradiation at room temperature ( Fig.  1(b) ) and at 673 K ( Fig. 1(c) ). After deuterium irradiation at room temperature ( Fig. 1(b) ), the atomic composition of carbon decreased in the depth up to approximately 20 nm. In the case of irradiation temperature at 673 K (Fig. 1(c) ), the atomic composition of carbon further decreased, which was similar to that after deuterium irradiation at 823 and 923 K. It has been reported that in the case of 1 keV hydrogen irradiation to carbon, a chemical sputtering yield of carbon against hydrogen irradiation increases with irradiation temperature and peaks at approximately 850 K 12) . Then, it is considered that the enhancement of carbon erosion by chemical sputtering in the SiC matrix, SiCˆber and PyC regions is a possible reason for the reduction of carbon after deuterium irradiation.
Thermal desorption spectra of D 2 in SiC/SiC composites after deuterium ion irradiation is shown in Fig. 2 . The TDS spectra for the irradiation temperature at 293 K had two major peaks at 920 K and 1150 K. Implantation of energetic deuterium ion can cut oŠ chemical bonds between silicon and carbon atoms and dangling bonds are created, where the implanted deuterium is well trapped by chemical bond (Si-D and C-D bonds). The diŠerence of desorption temperatures re‰ects binding energy of deuterium with carbon and silicon, and it has been reported that the thermal desorption spectra of H 2 after hydrogen ion irradiation for SiC converted graphite material showed two main desorption peaks and that the lower and higher temperature peaks were responsible for the Si-H and C-H bonds, respectively 11) . For this reason, the desorption peaks at lower and higher temperatures in the present experiment is thought to be Si-D and C-D bonds, respectively. Since the SiC/SiC composites contains SiCˆber with a volumetric ratio of 30-40z and the deuterium irradiation area (0.5 cm 2 ) was much larger than the size of SiCˆber (10 mm in diameter), it is considered that deuterium was implanted into both SiC matrix and SiCˆber. Therefore, the implanted deuterium was trapped by Si-D and C-D bonds in the two regions. In addition to that, although the volumetric ratio of PyC interface in the SiC/SiC composites is much smaller than that of SiCˆber and SiC matrix, deuterium also could be implanted into PyC interface and be trapped by C-D bond. For these reasons, deuterium could be released from SiCˆber, SiC matrix and PyC interface in the TDS analysis. On the other hand, the thermal desorption spectra showed only two major peaks. This indicates that there are little diŠerence between the desorption behavior of deuterium trapped in the three regions.
In the deuterium irradiation experiments, deuterium Figure 3 shows the total amount of desorbed deuterium and the ratio of the amounts of desorbed D 2 at the lower and the higher temperature peaks, which were estimated from a peak separation. At irradiation temperature of 673 K, the ratio of the amount of D 2 desorbed at higher desorption peak (C-D bond) decreased compared to the room temperature case, owing to the reduction of the atomic composition of carbon after deuterium irradiation at 673 K, as shown in Fig. 1 . On the other hand, at irradiation temperatures of 823 and 923 K, since the thermal desorption of deuterium once chemically bonded with silicon during irradiation is enhanced, the ratio of the amounts of D 2 desorbed at lower temperature peak (Si-D bond) decreased. This result indicates that the ratio of deuterium trapped by silicon and carbon largely depends on the irradiation temperature.
Dependence of peak temperature in the TDS spectra of D 2 on irradiation temperature is shown in Fig. 4 . The temperature of lower temperature peak (Si-D bond) shifted to higher temperature with irradiation temperature. As shown in Fig. 2 and 3 , the amount of deuterium trapped by silicon decreased with increasing irradiation temperature. During the TDS analysis, deuterium trapped by silicon and carbon is released from the bonds and then diŠused to the surface and recombined with other deuterium atom, leading to release of D 2 molecule. In the case of high irradiation temperature, due to the reduction of the amount of deuterium trapped by silicon, the recombination of deuterium at the surface would be retarded, resulting in the shift of the peak temperature to higher temperature. This might be a reason for the large shift of lower temperature peak.
A ratio of the desorbed amount of hydrocarbons (CD 4 and C 2 D 4 ) to the total amount of desorbed deuterium is important, especially for carbon-based materials, from the point of view of the chemical sputtering of carbon-related materials. The ratio of the amount of deuterium desorbed in the form of hydrocarbons (CD 4 and C 2 D 4 ) is shown in Fig. 5 . The dependence of this ratio on irradiation temperature was similar to that of the ratio of the amount of deuterium released from C-D bond, as shown in Fig. 3 . As the ratio of C-D bond increases, carbon atoms in the SiC/SiC composites bind not only to carbon atoms but to deuterium atoms. In this case, more hydrocarbon precursors (such as CD 3 and C 2 D 3 ) can be originally formed in the SiC/SiC composites, and these hydrocarbon precursors are easily desorbed in the form of hydrocarbons in the TDS measurement. This would be one of the possible reasons of the increase in the hydrocarbon desorption. This indicates that the chemical sputtering yield of the SiC/SiC composites under hydrogen irradiation is expected to be higher at elevated wall temperatures in fusion devices.
Summary
In this study, deuterium retention properties of SiC/SiC composites irradiated by deuterium ions at diŠerent temperatures in the range from 293 K to 923 K were investigated with thermal desorption spectroscopy, and the relationship between deuterium retention and the change of atomic composition was examined. The thermal desorption spectra of D 2 showed two major peaks. The desorption peaks at lower and higher temperatures are regarded as deuterium released from Si-D and C-D bonds, respectively. At irradiation temperature of 673 K, the ratio of desorption amount of deuterium from C-D bond decreased, since the atomic composition of carbon decreased owing to a large sputtering rate for carbon, On the other hand, at the irradiation temperatures of 823 and 923 K, the ratio of desorption amount of deuterium from C-D bond increased due to the decrease of deuterium trapped by silicon in form of Si-D bond and the ratio of desorption amount of hydrocarbon also increased.
The present results suggest that the atomic composition and fuel hydrogen retention of SiC/SiC composites are signiˆcantly aŠected by the surface temperature. In the fusion device, the temperature of the plasma-facing wall often changes owing to heat and particle ‰uxes. In the case that SiC/SiC composites is employed as the plasma-facing wall, the present results are useful to understand the changes of atomic composition, tritium retention and degree of hydrogen recycling.
